In a quantum quench, one prepares a system in an eigenstate of a given Hamiltonian, and then lets it evolve after suddenly changing a control parameter of the Hamiltonian. By observing this evolution, one aims at understanding whether and how a quantum system reaches a (thermal) equilibrium. Typically, the initial state is taken to be the ground state and/or in an extended state: we propose a different experimentally feasible protocol, in which the system is prepared in an excited state corresponding to a collective solitonic excitation. If we are interested only in the single particle density, in the hydrodynamic regime the time evolution can be reduced to a semi-classical non-linear differential equation. The study of such equation shows that the short time dynamics after the quench is universal, and simple analytical predictions can be given for the velocities and profiles. Numerical support for these results is presented using the the Calogero model and the non-linear Schrödinger equation (NLSE), relevant for the implementation of the proposed protocol with ultracold bosons. The effect of non-integrable terms (power-law non-linearity and a parabolic potential) in the NLSE is also investigated, and shown to not spoil the universality.
INTRODUCTION
Recent years have witnessed a rising interest in non-equilibrium dynamics, which has been largely motivated by extraordinary progresses in the manipulation of many-body quantum systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This interplay between experimental and theoretical research is allowing the investigation of deep questions, such as under which conditions systems driven out of equilibrium can show universal behaviors and whether and how a system reaches equilibrium and possibly thermalizes [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
One particularly interesting protocol used to identify paradigms of out-of-equilibrium dynamics is the so-called quantum quench, in which, typically, a system described by a Hamiltonian H is prepared in its ground state and then, at a given moment of time, let evolved using a different Hamiltonian H [24] . Although a unitary evolution cannot relax the system to a true equilibrium, mounting evidences support a picture for which, in most cases, the expectation value of most local operators tending to a stationary value in the long time limit can be calculated through an effective density matrix describing the system [15-17, 25, 26] : that is, an arbitrary out-of-equilibrium many-body state in general evolves toward a state that effectively cannot be distinguished from a mixed state.
In this work, inspired by these progresses and motivated by experimental considerations, we propose a generalization of the traditional quench protocol, which has the merit of showing universal dynamics already at short times after the quench. We propose to prepare a one-dimensional system in a particular localized, coherent excited state, one that in the hydrodynamic limit can be characterized as a soliton, that is, an excitation whose density and velocity profiles evolve in time without (almost) changing their shapes. At some moment during its evolution, a control parameter of the microscopic Hamiltonian is changed suddenly: this modification of the interaction strength reflects itself, for instance, in the change of the scattering length and of the speed of sound and can be triggered experimentally in ultracold atom setups through the trapping or with an external magnetic field [1] . After the quench the system is let evolved under this new dynamics. In our approach to this problem, we will not follow the microscopic evolution. Instead, we are interested in describing the (non-linear) hydrodynamics of the density and velocity fields. Immediately after the quench, the initial profile splits into two chiral "bumps" (over the background density), moving in opposite directions. We predict their velocities and shape for short time after the quench and we find them to be expressible in a universal way. These findings for a global quench on a localized excitation have to be contrasted with the usual quantum quench protocol discussed earlier, in which universality emerges at very large times.
THE KDV EFFECTIVE DESCRIPTION
In this section we are going to discuss an effective model for the post-quench dynamics of a soliton (or solitonic) excitation. Localized excitations are easy to prepare in a cold atom experiments: using a phase mask it is possible to create long-lived excitations that ca travel through the system without significantly changing their shape significantly: the initial momentum can be given by suitably varying the trap potential, as it has been used to induce and study the dynamics of dark solitons in ultracold bosonic [27] or fermionic [28] condensates.
From a mathematical point of view, solitons (and in particular multi-soliton solutions) are a characteristic feature of integrable differential equations [29] . Nonetheless, solitonic waves are commonly observed in nature, both in classical physics [30] , as well as a collective behavior of a quantum many-body systems [31] , proving that, in certain regimes, one can neglect all other contributions and describe the system accurately by an integrable equation, thus justifying the existence of very long-lived excitations.
These considerations are at the heart of our analysis: in particular, we will use the results of [32] to argue that, in a hydrodynamic description of an ultracold atom system, we can use the integrable Korteweg-de Vries (KdV) equation to describe our quench experiment. Hence, we work in a hydrodynamic regime, where the semiclassical notions of density and velocity make sense. Following [32] , we assume that this hydrodynamics describes a one-component, Galilean invariant, isentropic fluid, with no dissipation. We also assume that the density profile is smooth and keep terms up to the second order in the density derivatives.
The most general system satisfying these assumptions can be then written as a continuity and Euler equations for the density and velocity fieldsρ
The parameter ω(ρ) is the specific enthalpy and A(ρ) is related to the quantum pressure. In our approach, we do not study the unitary quantum evolution starting from a non-equilibrium configuration. Instead, we use the effective description provided by (1, 2), which captures the semiclassical dynamics that survives the hydrodynamic limit. This approach is commonly used in cold atoms and yields results in excellent agreement with experiments [33] . For instance, the one-dimensional Non-Linear Schrödinger equation (NLSE)
which describes bosons with contact interaction (a.k.a. the Lieb-Liniger model) in the weakly interacting limit, reduces to (1,2) with the ansatz Ψ = √ ρe
The solitons of (3) are coherent superpositions of the quasi-hole excitations of the Lieb-Liniger model [34, 35] .
Linearization of the hydrodynamic equation around a constant background leads to sound waves (the Bogolioubov modes of NLS), which, upon quantization, correspond to the usual bosonization of 1D systems. As explained in [32, 36] , for configurations with small, smooth perturbations over the background ρ 0 is it possible to retain the leading non-linear and dispersive terms, which, under the condition of locality of the interactions, have the universal form of the KdV equationu
where c ≡ ρ 0 ω 0 is the sound velocity (ω 0 ≡ ∂ ρ ω| ρ0 ) and the nonlinear and dispersive coefficients are given by
Here, a formal (small) expansion parameter was introduced, so that the fields could be expanded around the static background as
The first order terms evolve according to the KdV:
Since KdV is a chiral equation, the ± refers to the two chiral components of the fields. We neglected the interaction between the left and right moving sectors, since locality implies that this effect is relevant only when the two are overlapping, but this happens for short times, as they pass through each other with a relative velocity of approximately 2c [36] .
THE QUENCH PROTOCOL
We prepare the system with a single traveling grey soliton, which for eq. (4) has the form
where V is the soliton velocity, W = 2 α c−V is its width and U = 3 c−V ζ its height.
Let us denote with g some microscopical parameter capturing the strength of the interaction in the quantum Hamiltonian. Suddenly, during the evolution of the soliton, we change the interparticle coupling to g , which reflects itself in the change of the effective parameters ω and A in (1, 2) and hence of c, ζ, and α in (4). We denote with a prime all the post-quench parameters, calculated using g . As a consequence of this global quantum quench, the initial profile (9) is not anymore a soliton of the new system and hence will not be stable under the new evolution.
The profile experiences the quench as an external perturbation, to which it reacts by splitting into a transmitted and reflected component, exactly as it would happen to a linear wave, if the sound velocity was suddenly changed. A typical non-linear quench dynamics of this type for the dark soliton of the NLSE is shown in Fig. 1 : one bump moves towards in the direction of the initial dark soliton (the transmitted one), the other in the opposite direction (the reflected one). Generically the localized wavepackets again splits in other moving bumps, as illustrated in Fig.  2 : the larger is the interaction quench the faster is the splitting time and the number of produced bumps.
Hence, we make the ansatz that immediately after the quench we have
assuming that for short times after the quench the two chiral profiles evolve without changing their shapes significantly. If the initial soliton has V > 0, the reflected velocity V r < 0 and the transmitted one is V t > 0. Imposing continuity of the solution and the conservation of momentum at t = 0 constraint the post-quench configuration to be
that is, we find that the two chiral profiles maintain the same functional shape as the original soliton, but with their heights reduced by the reflection and transmission coefficients, which are found to be
We remark that, so far, we only applied kinematic considerations (we made no use of the KdV) and thus we did not determine the velocities V r,t .
In the corresponding linear problem, all waves would move at the speed of sound, that is V = c and V t = −V r = c . Hence, sound waves would be scattered by an interaction quench with
Naturally, for a small quench (c c) the reflected wave has vanishing amplitude, while for large quenches (c c) both waves are comparable.
The non-linear terms in (4) make the different profiles move at different velocities. The stability of the initial soliton is given by a balancing of opposite effects, coming from the non-linear and dispersive terms in (4) . It can be shown that the velocity of the soliton is that of its barycenter, where the dispersion is perfectly balanced and V is determined only by the non-linear contribution. Hence, given the soliton shape, we need only to calculate its average height:
We observe that this expression can also be interpreted as the ratio between the first two conserved charges (energy and momentum). Using a similar argument, we can estimate the velocities V r,t in (11) from their center-of-mass points, which is again the height at which the dispersive effects do not contribute:
We can now use (14) to find s and solve this system of equations, finding where we introduced reduced dimensionless velocities
and the universal parameter controlling the quench .
From (12) we have
We note that these expressions are completely universal and do not depend on the microscopics of the system. It should be possible to measure the velocities of the two profiles and to check our predictions through a time-of-flight experiment, once η is measured using (19) .
In general, the parameter η 1. If we assume that ω(ρ) in (2) is a simple monomial of the density (ω(ρ) ∝ ρ κ−1 ), then η = 1 and the formulae simplify to
and ν r = ηRν, ν t = ηT ν. We note that these reflection and transmission coefficients are the same as of the linear process (13) , although accompanied by non trivial velocities for the profiles. In Figs. 3-4 we plot the NLSE results of our numerical simulations vs. the analytical predictions discussed so far, finding a remarkable agreement. As the reflected and transmitted profiles are created superimposed at the time of the quench, they need to evolve for a certain time before they can be distinguished. In this time, their shapes evolve (and they also interact with one-another) and this introduces additional noise in the simulations. Moreover, in this way we measure the velocity of the peaks of the profile, which could differ from the center-of-mass velocity, since these profiles are not solitons 1 . Nonetheless, a rather good agreement is found: as expected, the larger is the interaction quench the better is the approximation. Furthermore, as expected for darker grey solitons (i.e., for larger solitons) the agreement becomes worst.
In Fig. 3 we plot the measured ratio between the heights of the two chiral profiles vs. the ratio R/T from (21) for different quenches and with different velocities of the initial soliton. In all the numerical points the values are computed at the mid-time between the instant in which there are 2 bumps and the one in which the third bump emerges. To test the universality of our results, we also computed the same quantities using a parabolic confinement (i.e., adding V ψ to the NLSE with (1/2)ω 2 x 2 ) or a power-law NLSE (i.e., having a non-linear term of the form |ψ| α ψ): both are non-integrable deformations of the NLSE. In Fig. 4 we plot the measured peak velocities for different quenches and different velocities and compare them with our analytical predictions (17) .
As a further check on our approach, we compare our predictions against a microscopical, although classical, evolution. For this experiment, we use the Calogero model, given by the Hamiltonian
with a dimensionless coupling constant λ. This is the classical limit of a quantum model, where λ 2 → λ(λ − 1) and is integrable even in the presence of an external parabolic potential. This model has a relatively long-range interaction and thus it lies in a different universality class, compared to local models. Its hydrodynamic description is thus not the KdV, but a different integrable equation, in the family of the Benjamin-Ono (BO). It differs from the KdV by its dispersive term and by the fact that its solitons have longer (power-law) tails. Another difference is that this system supports supersonic bright solitons, instead of the subsonic dark ones of local models. Nonetheless, we find that the center-of-mass velocities have the same universal expression (17) and the same hold for the transmission/reflection coefficients (20) . In our numerical simulation, we simulated the Newtonian evolution of N = 301 particles which initially evolve as a soliton of the pre-quench system and we follow their dynamics after the quench. We notice the correct splitting of the density field into the two chiral profile and we see from Figs. 3-4 that this microscopic dynamics agrees remarkably well with our analytical predictions.
CONCLUSIONS
We have proposed a novel quantum quench protocol, where we initially prepare the system in a localized excitation and evolve it after changing the interaction strength. Using a semiclassical hydrodynamic description, we find that the dynamics immediately after the quench is universal, i.e. it does not depend on the details of interaction, but only on the strength of the quench, measured from macroscopic parameters, such as the speed of sound, see (17, 20) . We checked our analytical predictions against the numerical simulation of the 1D NLSE also in presence of a parabolic potential and with power-law non-linearity) and through the Newtonian evolution of the Calogero model in harmonic potential finding a remarkable agreement.
We finally comment that we did not discuss in detail the late time dynamics, because the growth of the entanglement in the evolution of an out-of-equilibrium system renders the applicability of a simple hydrodynamic description somewhat questionable. Indeed, it was recently shown that a soliton of the NLS, unitarily evolved with the corresponding Lieb-Liniger Hamiltonian, will disperse (and eventually "resurge"), due to quantum effects [35] . Nonetheless, unavoidable decoherence effects are likely to cap the entanglement growth in realistic settings and this might explain why semiclassical descriptions often remain reliable for relatively long time. In particular, it would be interesting to study whether microscopical systems that are quantum integrable show different late time dynamics from those who are not, for instance, with the emergence of stable solitons, vs. the disappearance of the initial configuration into a train of dispersive waves.
Note Added: During the final stages of this work, we were made aware of a parallel development by O. Gamayun et al. [38] , concerning the long time behavior of the NLS after the quench protocol we discussed, where the integrability of the hydrodynamics leads to remarkable effects. 
